The residual presence of integrated transgenes following the derivation of induced pluripotent stem (iPS) cells is highly undesirable. Here we demonstrate efficient derivation of iPS cells free of exogenous reprogramming transgenes using an excisable polycistronic lentiviral vector. A novel version of this vector containing a reporter fluorochrome allows direct visualization of vector excision in living iPS cells in real time. We find that removal of the reprogramming vector markedly improves the developmental potential of iPS cells and significantly augments their capacity to undergo directed differentiation in vitro. We further propose that methods to efficiently excise reprogramming transgenes with minimal culture passaging, such as those demonstrated here, are critical since we find that iPS cells may acquire chromosomal abnormalities, such as trisomy of chromosome 8, similar to embryonic stem cells after expansion in culture. Our findings illustrate an efficient method for the generation of transgene-free iPS cells and emphasize the potential beneficial effects that may result from elimination of integrated reprogramming factors. In addition, our results underscore the consequences of long-term culture that will need to be taken into account for the clinical application of iPS cells. STEM CELLS 2010;28:64-74 Disclosure of potential conflicts of interest is found at the end of this article.
INTRODUCTION
Reprogramming of somatic cells to a pluripotent state has been achieved by the introduction of four transcription factors, Oct4, Klf4, Sox2, and cMyc, using four independent retroviral vectors [1] [2] [3] [4] [5] [6] . It is now widely accepted that induced pluripotent stem (iPS) cells share many of the characteristics of embryonic stem cells (ESCs), including gene expression profiles, epigenetic signatures, and pluripotency [3, [7] [8] [9] [10] .
Since iPS cells can be generated from mature mouse and human somatic cells, such as skin fibroblasts [11] [12] [13] , enabling the derivation of patient-specific cells and autologous tissues, it is often predicted that iPS cells will become a powerful tool for biological research as well as a potent source for regenerative medicine. In order for this technology to become clinically relevant, however, methods need to be developed that improve the safety profile of the technology while increasing the overall efficiency of the production of the cells. Several studies have demonstrated that reactivation or sustained expression of reprogramming transgenes can result in deleterious outcomes such as tumor formation [2] or the disruption of pluripotency [14, 15] . Moreover, the study of the biology of reprogramming and the ability to evaluate how closely iPS cells and ESC functionally resemble each other will greatly benefit from the use of homogeneous populations devoid of any residual transgene expression.
Recently, a series of studies have demonstrated proof of principle in the generation of murine iPS cells without viral integrations [16, 17] . It should be noted, however, that the efficiency of reprogramming in these studies was low and their application for deriving iPS cells from diverse, easily-accessible target somatic cells appears to be limited. Similarly, transposon-mediated reprogramming, albeit at low efficiency, was able to generate murine iPS cells free of exogenous factors [18] . The potential toxicity associated with the use of the transposon/transposase system in iPS cells, however, remains to be studied [19, 20] . Most recently, Jaenisch and colleagues demonstrated Cre-mediated excision of multiple integrated reprogramming lentiviral vectors in human iPS cells following the completion of reprogramming [21] . This important advance demonstrated that, prior to excision, the transcriptome of iPS cells differs slightly from control ESCs. To date it remains unclear whether these subtle differences in global gene expression between iPS cells and ESCs are accompanied by significant functional differences. Moreover, if indeed removal of transgenes is necessary for proper functioning of iPS cells, methods that are simple, are efficient, and involve minimal screening strategies for deriving ''transgene-free'' iPS cells represent important advances for the clinical translation of this technology.
We have recently described the use of a single lentiviral ''stem cell cassette'' (STEMCCA) for the efficient generation of iPS cells from postnatal fibroblasts [22] . Importantly, the use of a single polycistronic vector, expressing Oct4, Klf4, Sox2, and cMyc, allowed us to obtain iPS cell clones with a single integration. Here we adapt the STEMCCA vector to derive iPS cells free of exogenous reprogramming transgenes. By using a single integrated copy of this polycistronic vector, encoding either 3 or 4 reprogramming factors flanked by loxP sites, we accomplish efficient reprogramming of postnatal fibroblasts, followed by highly efficient Cre-mediated excision of the vector. A direct comparison of iPS cell clones before and after excision reveals that removal of the reprogramming vector markedly improves the developmental potential and differentiation capacity of iPS cells.
MATERIALS AND METHODS

Construction of pHAGE-STEMCCA-LoxP Vectors
The EF1a-STEMCCA lentiviral vector allows for constitutive expression of the four proteins Oct4, Klf4, Sox2, and cMyc from a single polycistronic transcript [22] . In order to obtain a floxed version of STEMCCA after viral integration, which would enable Cre-mediated excision of the vector following reprogramming, a 34-bp loxP site was inserted in the 3 0 deleted U3 (dU3) long terminal repeat (LTR) region of EF1a-STEMCCA. During reverse transcription, the loxP sequence is copied to the 5 0 LTR, resulting in a vector flanked by two loxP sites. Detailed methods for primers and construct design are included as supporting information data.
Cell Culture
Tail tip fibroblasts (TTFs) from newborn Sox2-GFP knock-in mice were cultured using standard procedures in fibroblast growth media as described [22] . TTFs were infected at passage three for generation of iPS cells.
Lentivirus Production and Infection
Lentiviruses were produced in 293T packaging cells as previously described [23] . iPS colonies were mechanically isolated 15-20 days post-infection with STEMCCA-loxP or 25-30 days postinfection with STEMCCA-loxP-RedLight based on morphology and expanded by plating on Mitomycin C treated mouse embryonic fibroblasts (MEFs) in ESC media. Copy numbers of each STEMCCA vector integrated in the genome of reprogrammed cells were assessed by Southern blot analysis as previously described [22] .
Polymerase Chain Reaction and Reverse Transcription-Polymerase Chain Reaction Analysis
Detection of the proviral DNA by polymerase chain reaction (PCR) was carried out using 50 ng of genomic DNA and the primers endo-MycS (5 0 -ACGAGCACAAGCTCACCTCT-3 0 ) and A-WPRE (5 0 -TCAGCAAACACAGTGCACACC-3 0 ). PCR reactions consisted of 30 cycles of 95 C for 30 seconds, 65 C for 45 seconds, and 72 C for 45 seconds. Reverse transcription-PCR (RT-PCR) was performed as previously described [22] .
Infection of iPS Cells with Adeno-Cre
Excision of STEMCCA was performed by infecting iPS cells with a defective adenoviral vector expressing Cre-recombinase (Adeno-Cre), a kind gift of Jeng-Shin Lee and Richard C. Mulligan from the Harvard Gene Therapy Initiative. The recombinant adenovirus was propagated in 293 cells, purified by CsCl gradient centrifugation, and desalted on a Sephadex G-50 column (GE Healthcare UK Limited, Little Chalfont, Buckinghamshire, U.K., http://www.gehealthcare.com) in postburn serum (PBS)/3% glycerol. For Adeno-Cre infection, 100,000 iPS cells in 100 ll of ESC media were mixed with 3 ll of Adeno-Cre in a microfuge tube and incubated for 6 hours at 37 C. Cells were then washed with PBS, seeded on Mitomycin C treated MEFs, and cultured in ESC media until colonies appeared. For each iPS clone infected with Adeno-Cre, several subclones were isolated and expanded as described above. Finally, the efficiency of Cre-recombinase activity was assessed by PCR and Southern Blot or by mCherry red fluorescence, as indicated in the text.
Alkaline Phosphatase Staining and Immunofluorescence
Alkaline phosphatase staining was performed with the Vector Red Substrate Kit (Vector Laboratories, Burlingame, CA, http:// www.vectorlabs.com) according to the manufacturer's protocol. For immunofluorescence, cells were fixed in 4% paraformaldehyde, incubated with mouse anti-SSEA-1 (Santa Cruz Biotechnology, Santa Cruz, CA, http://www.scbt.com) followed by secondary antibody, Alexa Fluor 568 conjugated goat anti-mouse IgM (Invitrogen, Carlsbad, CA, http://www.invitrogen.com).
ES and iPS Cell Differentiation
Prior to differentiation all ESCs and iPS cells were adapted to serum-free maintenance media [24] by culture expansion on mitomycin C-inactivated mouse embryonic fibroblasts (MEFs). Maintenance media consisted of 50% Neurobasal medium (Invitrogen) and 50% Dulbecco's Modified Eagle Medium/F12 medium (Invitrogen); with N2 and B27 supplements (Invitrogen), 1% penicillin/streptomycin, 0.05% bovine serum albumin, LIF (1000 U/ ml; ESGRO; Chemicon; Millipore, Bedford, MA, http://www. millipore.com), 10 ng/ml human BMP-4 (R&D Systems, Minneapolis, MN, www.rndsystems.com), and 1.5 Â 10 À4 M monothioglycerol (Sigma-Aldrich, St. Louis, http://www.sigmaaldrich. com). Mouse ESC (129/Ola; containing GFP targeted to the brachyury locus and hCD4 targeted to the Foxa2 locus) were the generous gift of Dr. Gordon Keller, Mount Sinai Medical Center, New York, NY [24, 25] . Differentiation into primitive streak-and endoderm-like phenotypes was performed in serum-free media, as previously described by Keller and colleagues [24, 25] . Briefly, embryoid bodies were formed in suspension culture by plating ESC or iPS cells in nonadherent culture plates for 2 days in the absence of leukemia inhibitory factor (LIF). On day 2, embryoid bodies were dispersed by trypsinization followed by replating for three more days in serum-free media with activin A (50 ng/ml; R&D systems, 338-AC). On day 5, embryoid bodies (EBs) were dissociated with trypsin/EDTA (2 minutes, 37 C) and harvested for RNA extraction. Differentiation towards mesoderm and ectoderm was performed as previously described [26, 27] . In brief, mesoderm differentiation was quantified as the number of cells expressing the early hemangioblast marker, flk1, by fluorescenceactivated cell sorting (FACS) analysis of EBs cultured for 4 days in serum-free media supplemented with 10 ng/ml of BMP4. Ectoderm differentiation was quantified as the number of cell colonies positively immunostained for expression of the neuronal marker Tuj1, after EB formation for 5 days in the presence of 100 nM retinoic acid and 1 lM smoothened agonist 1.3, followed by 2 days incubation in poly-D-lysine/laminin plates with 10 ng/ml of the neurotrophic factors GDNF, BDNF, and CNTF.
Quantitative RT-PCR
Quantitative RT-PCR (qRT-PCR) was carried out in a StepOnePlus real-time PCR system (Applied Biosystems, Foster City, CA, http://www.appliedbiosystems.com) using Taqman custom primers and probe specific to the genes of interest as described by the manufacturer. Amplification of the viral transcript was performed with a Taqman assay designed to amplify a cMyc to Woodchuck hepatitis virus post-transcriptional regulatory element (WPRE) fragment present in the STEMCCA vector. Reactions were performed in triplicate using 1/20 of the cDNA obtained as described above. Gene expression levels were normalized to b-actin and relative quantification of expression was estimated using the comparative Ct method. For qRT-PCR analyses of changes in gene expression in response to activin stimulation, total RNA was purified with RNeasy Mini kit (Qiagen, Chatsworth, CA, http://www1.qiagen.com) and treated with RNase-Free DNase I (Qiagen). One microgram of RNA was reverse-transcribed using TaqMan Reverse Transcription Reagents kit (Applied Biosystems) according to the manufacturer's instructions. qPCR analyses of cDNAs was performed in an Applied Biosystems Sequence Detection System 7,300 using the following Taqman inventoried primers and probes (Applied Biosystems): Nanog (Mm02384862_g1), Rex1 (Mm01194089_g1), Brachyury (Mm00436877_m1), FoxA2 (Mm00839704_mH), Sox17 (Mm00488363_m1), Gata4 (Mm00484689_m1), and Gata6 (Mm00802636_m1). Reactions were performed in duplicate using 1/20 diluted cDNA obtained as described above. Gene expression levels were normalized to 18S rRNA (4319413E), and relative expression of each gene compared to undifferentiated ESC was quantified using the 2
Teratoma Formation
Two million iPS cells were injected subcutaneously into each flank of recipient C.B-17 scid mice (The Jackson Laboratory, Bar Harbor, ME, http://www.jax.org). Three weeks after injection, tumors were dissected and fixed in 4% paraformaldehyde. Finally, paraffin-embedded sections of the teratoma specimens were stained with hematoxylin and eosin, and two independent investigators each assessed three individual sections per teratoma according to previously described morphological criteria [28] . All animal experiments were performed in accordance with Boston University Institutional Animal Care and Use Committee (IACUC).
Generation of Chimeric Animals
iPS cells were injected into C57BL/6J-Tyr cÀ2J (Jackson laboratory) mouse blastocysts and implanted into pseudopregnant foster mothers using routine methods. Pregnant mice were sacrificed at embryonic day E11.5, and whole embryos were photographed with an inverted fluorescence microscope.
Karyotyping and Spectral Karyotyping Analyses
Metaphase spreads were prepared according to standard protocols [29] . Spectral karyotyping was performed with a mouse spectral karyotyping analyses (SKY) paint kit (Applied Spectral Imaging Inc., Vista, CA, http://www.spectral-imaging.com) according to the manufacturer's instructions. Analysis was performed with the HiSKY and ScanView softwares (Applied Spectral Imaging).
RESULTS
Cre-Mediated Excision of a loxP-Containing Polycistronic Reprogramming Vector Allows the Derivation of ''Transgene-free'' iPS Cells
In order to develop a simplified method for the derivation of transgene-free iPS cells, we sought to utilize a vector system that would result in efficient reprogramming with a single reagent, without the need for concurrent additional vectors, transgenes, or chemical exposures. Hence, in contrast to other studies in which an inducible system was used [10, 21, 30] , we chose to use constitutively expressed versions of the lentiviral STEMCCA vector under regulatory control of a human EF1a promoter [22] . This single reagent accomplishes efficient and reliable reprogramming of postnatal cells by expressing four factors (Oct4, Klf4, Sox2, and cMyc) and obviates the need for additional genetic modification since the transactivator (i.e., rtTA) is not required to induce expression of the reprogramming cassette. Because previous studies have shown that iPS cells can be derived without the presence of exogenous cMyc [31] , we also developed a modified threefactor STEMCCA vector by substituting cMyc with the coding sequence of the red fluorochrome mCherry. This modified vector, hereafter named STEMCCA-RedLight, constitutively expresses mCherry as well as the three reprogramming factors, Oct4, Klf4, and Sox2, from a single polycistronic mRNA, thus allowing monitoring of STEMCCA gene expression in living cells.
In order to allow for excision of the three-factor or fourfactor STEMCCA vectors, we first introduced a loxP site in the deleted U3 (dU3) region of each lentiviral vector's 3 0 LTR [22] (Fig. 1A) . During the normal reverse transcription cycle of the virus before integration, the U3 region is copied to the 5 0 LTR of the proviral genome, creating a loxP-flanked or ''floxed'' version of the STEMCCA vector that integrates into the host chromosome. These floxed STEMCCA vectors (hereafter STEMCCA-loxP and STEMCCA-loxP-RedLight) were used to generate iPS cells from tail tip fibroblasts (TTFs) of Sox2-GFP knock-in mice as previously described [22] . The introduction of loxP sites did not affect viral titers (data not shown), and the STEMCCA-loxP vector was able to generate iPS cell colonies with the same kinetics and the same reprogramming efficiency ($ 0.5%) as demonstrated previously using STEMCCA [22] . Initial selection of iPS colonies generated with this vector was based solely on morphological criteria, and 20 out of 24 (83%) colonies selected on this basis resulted in Sox2-GFP expressing cell lines after expansion. As expected, three-factor reprogramming using STEMCCAloxP-RedLight was slower and less efficient than four-factor reprogramming. Sox2-GFPþ colonies appeared only 25-30 days after transduction with STEMCCA-loxP-RedLight (compared to 15-20 days when using the four-factor vector), and overall reprogramming efficiency was 0.01%, or 50-fold lower than that observed with STEMCCA-loxP. Importantly, persistent expression of the polycistronic STEMCCA-loxPRedLight vector, driven by the constitutively active EF1a promoter, could be readily visualized by red fluorescence microscopy during reprogramming and was maintained in picked Sox2-GFPþ iPS clones after the completion of reprogramming (Fig. 1B) .
Next, we screened Sox2-GFP expressing clones by Southern blot to determine the number of viral integrations, as a first step to pursue vector excision. Three of nine screened clones generated with STEMCCA-loxP and three of seven clones generated with STEMCCA-loxP-RedLight showed single-copy integration (supporting information Fig. 1 ). In order to excise the single integrated copy of each floxed vector, the clones were exposed to an adenoviral vector (AdenoCre) to achieve transient expression of Cre recombinase. We employed Adeno-Cre mediated recombination rather than electroporation of Cre-expressing plasmids based on screening studies revealing superior transfection efficiencies of ESC or iPS cells using adenoviral vectors versus plasmid electroporation (90-100% transfection efficiency vs. 0.5-1%, respectively; data not shown). Adeno-Cre infection of all single integrant iPS cell lines (n ¼ 3) resulted in successful Cre-mediated excision of STEMCCA-loxP in five out of five subclones of each cell line, as evidenced by PCR of gDNA (supporting information Fig. 2 ). In addition, Southern blot analysis confirmed the absence of integrated vector using probes against the WPRE sequence of the STEMCCA vector (Fig. 1D) as well as against the individual reprogramming genes (Fig. 1D and data not shown) . PCR screening using oligos specific to Cre was used to confirm that, as expected, no integration of the Adeno-Cre vector had occurred (data not shown). As expected, following excision of the reprogramming cassette and culture expansion of excised iPS cell subclones, the STEMCCA transcript was undetectable as evidenced by RT-PCR (Fig. 1E ) and qRT-PCR (supporting information Fig. 3 ), in contrast to the pre-excision parental clones. In iPS cells generated with STEMCCA-loxP-RedLight, disappearance of the mCherry reporter was used to precisely monitor and quantify STEMCCA excision efficiency by fluorescence microscopy (Fig. 1B) and FACS (Fig. 1C) . These iPS cells co-expressed mCherry and Sox2-GFP; however, after Adeno-Cre infection, 96 out of 100 colonies expressed only GFP but not mCherry, suggesting an excision efficiency of almost 100%.
iPS Cells Display Stable Growth Characteristics and Stem Cell Marker Gene Expression after Excision of Reprogramming Transgenes
For further study of iPS cells following excision of the reprogramming transgenes, two subclones generated after excision of STEMCCA-loxP were selected and named SEFL1-Cre and SEFL2-Cre, based on their origin from the parental SEFL1 and SEFL2 clones, respectively (Fig. 1D) . As shown in Figure 2A and 2B, after STEMCCA excision iPS cells maintained expression of alkaline phosphatase, SSEA1, Sox2-GFP, and a variety of stem cell markers as evidenced by RT-PCR. In addition, the methylation status of the Oct4 and Nanog proximal promoter regions was analyzed by bisulphite sequencing (Fig. 2C) . Both before and after STEMCCA-loxP excision, established iPS cell clones exhibited unmethylated CpG islands at these key loci, in contrast to parental fibroblasts. Importantly, iPS cell expansion appeared to be stable following excision of the STEMCCA-loxP as evidenced by the ability of the cells to be maintained in the undifferentiated state in culture for at least 20 passages. 
Excision of Reprogramming Transgenes Facilitates the Developmental Capacity of iPS Cells
We have previously reported that iPS cells generated with the constitutive STEMCCA vector were able to differentiate into all three germ layers in teratoma assays, despite the residual presence of exogenous reprogramming genes, even when expressed under regulatory control of constitutively active promoters [22] . Indeed, we confirmed these results using the SEFL1 or SEFL2 clones: regardless of whether these clones were tested before or after excision of the STEMCCA-loxP, : iPS cells generated with the constitutive STEMCCA vector (no Cre-excision) displayed high levels of embryonic contribution following injection into blastocysts but also induced gross morphological abnormalities (C). In sharp contrast (D), iPS cells generated using the STEMCCA-loxP vector with subsequent Cre excision produced a higher percentage of chimeric embryos with normal developmental morphology. Chimerism is evidenced by Sox2-GFP expression in neural crest-derived tissues. (E): Derivation of neonatal chimeric mice from blastocysts injected with iPS cells generated using the STEMCCA-loxp vector with subsequent Cre excision. Chimerism is evidenced by dark coat color. Abbreviations: ect, ectoderm; end, endoderm; mes, mesoderm.
SEFL1 and SEFL2 iPS cell lines readily gave rise to differentiated cells with morphologies of all three primary germ layers [28] in teratoma assays (Fig. 3A) . We considered the possibility that in vivo silencing or downregulation of STEMCCA expression in vivo in the teratoma assays might account for the unexpected capacity of these iPS cell lines to differentiate in this assay. Indeed, in contrast to the persistence of STEMCCA expression in vitro despite prolonged passaging, qRT-PCR analyses of teratoma tissues (Fig. 3B) indicated that overall levels of STEMCCA expression are markedly lower in teratomas compared to the undifferentiated iPS cell lines pretransplantation. This lower level of transgene expression possibly explains, in part, the capacity of these cell lines to differentiate in vivo in this assay, which allows a relatively long 3-week period for selection of cells that either are already expressing low STEMCCA levels or undergo subsequent vector silencing in vivo.
Constitutive expression of STEMCCA, however, did appear to adversely affect the in vivo developmental potential of iPS cells after transplantation into mouse blastocysts, an assay that affords the cells very short time intervals to undergo precisely regulated differentiation. As shown in Figure 3C , iPS cells generated with the constitutive STEMCCA vector were injected into 15 blastocysts followed by mid-gestation (E11.5) harvest. These injections yielded only five embryos, of which three were chimeric. All three chimeric embryos, however, displayed severe morphological abnormalities, including exencephaly, neural tube defects, reduced size, and defective somite patterning. In addition, in four independent attempts we were unable to obtain live chimeras when using three different iPS cell clones containing the constitutive STEMCCA or STEMCCA-loxP vectors. In marked contrast, following Cre-mediated excision of STEMCCA-loxP, iPS cells injected into 14 blastocysts yielded 11 mid-gestation embryos of which 7 were chimeric with 5/7 displaying normal developmental morphology (Fig. 3D) . Moreover, we were able to obtain live chimeric mice from blastocysts injected with iPS cells after excision of STEMCCA-loxP (Fig. 3E) .
Although these results suggested that sustained expression of the reprogramming genes may affect the ability of iPS cells to undergo appropriate embryonic development in chimeric embryos, it is not clear whether the morphological defects in the chimeric embryos resulted directly from failure of the injected iPS cells to differentiate. Indeed the seemingly intact ability of these same iPS clones to undergo trilineage differentiation in teratoma assays suggests they retain some capacity to respond to differentiation cues such as soluble growth factors. Hence, in order to more fully evaluate the effects of residual STEMCCA expression on the capacity of iPS cells to differentiate in response to normal developmental cues active in the early embryo, we stimulated iPS cells in culture with activin A (hereafter activin), a protein known to mimic embryonic nodal/TGF-b signaling. Activin has been shown to induce ESC in vitro to differentiate sequentially into primitive streak-like cells followed by definitive endoderm [24, 25, 32] . Following Cre-mediated excision of STEMCCA-loxP, ''transgene-free'' versions of each iPS cell clone were compared to their parental clones in terms of endodermal potential in vitro in response to activin. In two independent experiments, analyzed by either conventional or quantitative RT-PCR, each constitutive, integrated STEMCCA-loxP clone showed diminished potential to upregulate endodermal markers in response to activin in vitro (Fig. 4A and 4B ). Although all clones were able to form embryoid bodies in culture, STEMCCA-loxP containing clones showed little potential to upregulate key endodermal transcription factors, such as brachyury, Foxa2, Sox17, Gata4, and Gata6. Furthermore, these clones showed persistent expression of the pluripotent markers Rex1 and Esg1 after activin stimulation (Fig. 4A) . In contrast, excision of STEMCCA-loxP from these clones improved the capacity of each clone to upregulate endodermal transcription factors and downregulate pluripotent loci in response to activin (Fig. 4A and 4B) .
In order to determine if the differences in endodermal differentiation potential in vitro are also evident in iPS cells differentiating into other germ layers, iPS clones pre-and postexcision of the STEMCCA-loxP construct were exposed to defined culture conditions previously described to induce either mesoderm [26] or ectoderm [27] differentiation. As with endoderm formation, the ability of iPS cells to differentiate towards mesodermal flk1-expressing cells or neuroectodermal Tuj1-expressing cells was significantly enhanced in vitro by excision of the reprogramming transgenes (supporting information Fig. 4 ). Taken together, these results underscore the importance of obtaining iPS cells free of exogenous transgenes, not only as a means to improve the safety profile of iPS cells but also to enable their appropriate differentiation potential.
iPS Cells Before and After Excision of Reprogramming Transgenes Display Frequent Trisomy of Chromosome 8
We considered the possibility that Cre recombination in iPS cells might cause chromosomal instability, such as translocation events. Hence, we performed karyotyping by light microscopy as well as spectral karyotyping analyses (SKY) on several iPS cell lines before and after Cre-mediated excision of STEMCCA-loxP. Importantly, no translocation events were detected in any of the clones analyzed, strongly suggesting that removal of the single integration by Cre-excision has no deleterious effects on the genome of transgene-free iPS cells. However, we noted that two out of eight iPS clones (25%) generated with the STEMCCA-loxP and one out of nine iPS clones generated with the STEMCCA-RedLightloxP (11%) displayed trisomy of chromosome 8 (Fig. 5A ). This chromosomal abnormality appeared to be present prior to Cre-mediated excision of STEMCCA-loxP but was not present in the parental fibroblast cell line prior to reprogramming (Fig. 5B) . In some cells analyzed by SKY (Fig. 5C) , an apparently normal number of 40 mouse chromosomes masked the loss of the Y chromosome in combination with trisomy of chromosome 8. These chromosomal abnormalities have been well described in murine ESC with markedly increased frequencies with increased passage number [33, 34] . The appearance of trisomy 8 abnormalities observed in our iPS cell clones was already present by passage 8 and likely favored their outgrowth during culture, as has been described in ESC.
DISCUSSION
Our results demonstrate one approach for deriving ''transgene-free'' iPS cells using a floxed single copy of a polycistronic reprogramming vector. This method allows head-tohead comparisons of the functional capacity of iPS cells before and after excision of reprogramming transgenes. Our findings emphasize the importance of vector excision prior to directed differentiation of iPS cells in culture, if the goal is to adapt differentiation culture conditions originally developed in ESC culture systems. Our findings, however, do not prove that ''transgene-free'' iPS cells are functionally equivalent to ESC in terms of differentiation capacity. Although our iPS cell lines performed well in endoderm-promoting culture conditions in comparison to the one ESC control line employed in our studies, multiple ESC lines will need to be compared to multiple isogenic transgene-free iPS cell lines in culture in order to perform a direct evaluation of the differentiation capacity of ESC versus iPS cells in future studies. Our approach of comparing each transgene-free iPS cell clone to its pre-excision parent, however, allows direct head-to-head comparisons of the effects of transgene excision on clonallyderived cells, while controlling for any potential effects of genetic background, reprogramming methodology, or integrant copy number.
To our knowledge, this is the first evaluation of the in vitro endodermal potential of iPS cells in serum-free defined culture conditions. In order to generate differentiated precursor cells for modeling or treating human diseases, it is crucial to first show that iPS cells can be directed in culture to recapitulate the sequence of developmental milestones involved in germ layer formation and differentiation. Our results suggest that transgene-free iPS cells upregulate an endodermal differentiation program in response to the same serum-free culture conditions previously employed to derive definitive endoderm from ESC [24] . Although persistent expression of reprogramming factors diminished the response of iPS cells to activin in vitro, the precise mechanism for this effect is not clear. During differentiation, stem cells exhibit downregulation of loci encoding pluripotent regulators accompanied by activation of master transcriptional regulators of differentiation. Our results suggest that persistent expression of reprogramming factors interferes with appropriate downregulation of pluripotent loci, such as Rex1 and Esg1 (Fig. 4) . Whether persistence of a general pluripotent gene program, or any particular specific reprogramming factor, directly resulted in failure to upregulate the endodermal transcriptional regulators Foxa2, Sox17, and Gata4/6 will require further investigation. Recent work suggests that cMyc overexpression during reprogramming leads to downregulation of somatic differentiation gene programs, whereas Oct4, Klf4, and Sox2 overexpression triggers activation of pluripotency [35] . It is conceivable that similar mechanisms account for our findings when reprogrammed cells are then stimulated to differentiate.
The development of methods to derive iPS cells free of exogenous genetic material is particularly important if iPS cells are to be employed for regenerative therapies in human trials. By excising all reprogramming transgenes, our approach eliminates the risk of oncogenic transgene reactivation following transplantation of iPS-derived cells. In addition, by excision of only a single vector copy, our approach minimizes the risk of chromosomal translocations, an advance over prior methods for Cre-mediated excision of multiple copies of individual reprogramming lentiviral vectors [21] . It should be emphasized, however, that our approach leaves approximately 200 bp of exogenous DNA, primarily viral LTR, in the genome of iPS cells. Although the viral LTR is inactivated in our studies, possessing no intrinsic promoter/ enhancer activity [36] , it does not completely eliminate the theoretical risk of insertional mutagenesis that may arise from genomically integrated exogenous DNA. Although the statistical probability that a single integration event can induce gene disruption and dysregulation is minimal, the simple sequencing of the site of integration would further expose potential dangerous clones. This minimal risk could be further reduced in the future by targeting the STEMCCA into a safe genomic locus. Alternatively, efficient reprogramming methods using small molecules or other methods free of exogenous DNA may still be required in order to further optimize the safety profile of iPS cells.
It should be noted that a number of technical hurdles complicate the use of Cre-mediated excision of DNA sequences from stem cells, potentially limiting the application of these methods to easily generate iPS cells free of floxed transgenes. First, delivery of Cre to ESC or iPS cells has been previously noted to be inefficient; second, screening methods to detect successful Cre-recombination may be cumbersome; and third, clumping of cells after delivery of Cre may result in mosaic colonies containing some cells that have failed to undergo Cre-recombination. Our mCherry-containing STEMCCA-loxP-RedLight vector should be particularly helpful in surmounting these hurdles, since this single reagent accomplishes effective ''three-factor reprogramming'', and our results demonstrate that Cre-recombination efficiency and excision of reprogramming transgenes from the resulting iPS cells can be readily visualized and monitored in individual living cells and colonies in culture. Indeed, we found adenoviral delivery of Cre as well as Cre recombination to be highly efficient in iPS cells using monitoring of mCherry disappearance to optimize our transgene excision methodology. Furthermore, FACS sorting based on mCherry expression may be easily employed by those investigators wishing to rapidly separate excised from unexcised iPS cells.
We found trisomy of chromosome 8 to be frequent in our iPS cell lines independent of Cre-mediated excision of reprogramming transgenes. This trisomy is common in ESCs but has not been reported previously in iPS cells. Although this observation further emphasizes the similarity between iPS cells and ESCs, it is not yet known whether the overexpression of reprogramming factors facilitates this chromosomal abnormality. In ESCs, frequency of this trisomy increases with passage number, and it is possible that the several passages required to generate stable iPS cells during the gradual reprogramming process allow for more prevalent trisomies in iPS cells than has been previously appreciated. The additional passages required to screen for iPS cell clones with single vector copies, perform vector excision, rescreen for excision, and characterize the transgene-free clones may be particularly problematic in terms of chromosomal instability. For this reason, methods to reprogram cells, maintain chromosomal stability, and excise residual transgenes with the highest efficiency and the lowest possible passage number will be important if iPS cells are to be translated for human therapies. We propose the use of the STEMCCA-loxP-RedLight vector as a useful tool for accomplishing this goal, since excision of the mCherry ''RedLight'' serves as a simple indicator, requiring minimal screening, for the generation of transgene-free iPS cells.
CONCLUSION
We demonstrate efficient derivation of transgene-free iPS cells using an excisable polycistronic lentiviral vector. A direct comparison of iPS cell clones before and after excision reveals that removal of the reprogramming vector markedly improves the developmental potential of iPS cells and significantly augments their capacity to undergo directed differentiation in vitro. In addition, our results underscore the consequences of long-term culture that will need to be taken into account for the clinical application of iPS cells.
